Thermally excited capillary waves at vapor/liquid interfaces of water-alcohol mixtures 
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The density profiles of liquid/vapor interfaces of water-alcohol (methanol, ethanol and propanol) 
mixtures were studied by surface sensitive synchrotron X-ray scattering techniques. X-ray reflec- 
tivity and diffuse scattering measurements, from the pure and mixed liquids, were analyzed in the 
framework of capillary- wave theory to address the characteristics length-scales of the intrinsic rough- 
ness and the shortest capillary-wavelength (alternatively, the upper wave-vector cutoff in capillary 
wave theory). Our results establish that the intrinsic roughness is dominated by average inter- 
atomic distances. The extracted effective upper wave-vector cutoff indicates capillary wave theory 
breaks-down at distances on order of bulk correlation lengths. 

PACS numbers: 68.03.-g, 68.03.Cd, 68.03.Hj 
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It is by now common theoretical ly [1 | 
§1 and experimentally 13, U, 12, IsTTl 
lil . [20j that the density profile of simple liquid/vapor 
interfaces is dominated by thermally excited capillary 
waves. Theoretically, the profile is derived by statistical 
mechanics tools assuming thermal excitations in a two- 
dimensional membrane under surface tension and under 
the influence of gravity on mass displacements. Initially, 
the density profiles were measured in the vicinity of the 
critical point of liquids, where the interfacial profile is 
sufficiently wide (i.e., very low surface tension) to be ad- 
equately resolved by light scattering techniques [13, U | ■ 
However, with the advent in X-ray scattering technique 
for liquid surfaces [2H , the profiles of common simple liq- 
uids, such as water and alcohols, away from the critical 
point have been determined to be a few Angstrom thick 

The X-ray reflectivity from a liquid surface R{qz) (Qz — 
2fcosina; a incident beam angle, kg = 27r/A; A X-ra; 



wavelength; see inset in fig. [T]) is given by [1^, [isj, |20|, |22| . 
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R{qz) = RF{qz)R{0,qz)e- 



(1) 



where Rpiqz) is the Fresnel refiectivity from an ide- 
ally flat surface, uo is the intrinsic roughness, and for 
a rectangular-shaped resolution function (used in the 
present experiment) (2^ 



Ri^.qz) 
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where 77 — ^^q^ and Aqy — qzAf3/2. Here, A/3 is the 
detector acceptance angle, 7 is a surface tension, and T 
is the sample temperature. In the g^-range of a typical 



reflectivity measurement, rj values are small and we can 
use the following expression, 
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where the effective roughness can be written as follows 
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where OcS depends on qz and A/3 from the relation q^i^ — 
q.A/3/2. 

It has been suggested that the intrinsic roughness (Jq 
scales with molecular size, and gmax in Eq- Q has been 
usually estimated from the molecular size R such that 
(Zmax = 7r/i?[l3. However, studies of pure water and 
pure ethanol|l4l. [l5| found <jq = 0, implying a perfectly 
uniform electron-density with no atomic or molecular dis- 
creteness of the liquid. It should be noted that in the 
studies mentioned above the contributions of cto and gmax 
to the surface roughness according to Eq. (j4|) could not 
be decoupled [24*1. Subsequently, in a study of long chain 
C20 and C36 alkanes, by varying the liquid temperature, 
it was found that ctq = 1-1 A, significantly smaller than 
molecular size[l6|. 

In the present study we employ synchrotron X-ray re- 
flectivity studies to determine the relevant parameters of 
capillary wave theory, i.e., tJo, gmin, and gmax, by sys- 
tematically varying the surface tension of simple alco- 
hols (methanol, ethanol and propanol) and their mixtures 
with water. The alcohol molecules are very close in size 
to a water molecule (in particular methanol) thus min- 
imizing the presumed differences due to molecular size 
through (To or gmax, yet allowing the continuous varia- 
tion of surface tension over a wide range (22 - 73 mN/m 
at room temperature) by changing the mixture concen- 
tration [25:]. 
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EXPERIMENTAL DETAILS 

The alcohols (methanol 99.9%; ethanol 99.5%; and 1- 
propanol 99.5%), purchased from Fisher Chemicals, were 
used without further purification. Ultrapure water (Mil- 
lipore, Milli-Q, and NANOpure, Barnstead; resistivity, 
fS.l Mficm) was used to make the mixtures, without 
any buffer to adjust the pH (pH ~ 6.5). The surface 
tension of all solutions was measured at 21°C using a 
DuNuoy Tensiometer. X-ray reflectivity measurements 
were conducted on the Ames Laboratory Liquid Sur- 
face Diffractometer, in Sector 6 of the Advanced Photon 
Source (APS) at Argonne National Laboratory 2^, 27 1. 
The highly monochromatic beam (16.2 keV was used for 
all liquids and mixtures and 8 keV for water/propanol 
mixtures) selected by a downstream Si double crystal 
monochromator, is deflected onto the liquid surface to 
a desired angle of incidence (a) with respect to the liq- 
uid surface by a second monochromator located on the 
diffractometer. The trough containing the liquid sam- 
ples («10 cm in diameter and ~ 200/im deep) is enclosed 
inside a temperature controlled and gas-tight aluminum 
canister. A thin liquid film approximately 200 — 300 /im 
deep, an active vibration isolation unit (JAS Mod-2), 
and a three-second waiting-time after a movement of any 
component of the diffractometer before counting photons 
are used to obviate the effect of undesirable mechanical 
agitations of the liquid. Before the start of each measure- 
ment the shape (peak-height and width) of the totally 
reflected beam below the critical angle is conflrmed to be 
practically the same as that of the direct beam [2^. The 
volume enclosing the trough is constantly purged with 
helium bubbled through the corresponding water/alcohol 
mixture. 
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FIG. 1: (a) (color online) Normalized X-ray reflectivities of 
pure methanol versus demonstrating the effect of the reso- 
lution on the measurement (detector slit sizes indicated). The 
solid lines were obtained by simultaneous fitting using Eq. ((3|. 
(b) The XDS from pure water and pure methanol at constant 
qz values as indicated (shifted by a decade each for clarity). 
The solid lines are fits to the data using Eq. ([Sj. The inset 
shows the experimental beam geometry. 



RESULTS AND DISCUSSION 

As shown in Eq. (jl]), the effective surface roughness 
depends on the instrumental resolution via gmin- To val- 
idate the resolution of our experimental set-up, we con- 
ducted X-ray reflectivity (XR) from pure methanol un- 
der two detector slit conditions, as shown in Figure [Ija). 
The 0.5 and 1.5 mm detector slit widths at a distance 
756 mm from the sample-center yield A/3 k, 0.00066 and 
0.0020 radians, respectively. The non-linear least-square 
flt to the data using Eq. ([3]) (solid lines) with the loga- 
rithmic dependence on yields Ucs — 4.9^02 (for 0.5- 
mm slit) and 4.55to;}4 A (for 1.5-mm slit) at = 0.3 
A^^. Detailed analysis shows that ctq can take values 
from ctq = to ctq =L2>ff by allowing ^max to vary with- 
out any constraints |24|. In addition, as pointed out in 
Ref. [l8| the logarithmic dependence of a^s on q^ is so 
weak that using a constant cr^jj yields similar results as 
for g^-dependent (at a midpoint in the measured q^- 



range; qz ~ 0.3 A ^). Indeed, this simpler approach gives 
within uncertainties the same result [c'eff = 4.90 ± 0.13 
and 4.59 ± 0.13 A (for the 0.5 and 1.5 mm slits, respec- 
tively) as the one that assumes g^— dependent Ucs. 

To examine further resolution effects and the contribu- 
tion of capillary-waves, we measured X-ray diffuse scat- 
tering (XDS) for water and methanol under the same 
slit conditions used to obtain XR data (detector slit at 
1.5 mm). In the past, the XDS from water and other 
liquids 0, [H, [H, [H, [1^ has been thoroughly investi- 
gated conflrming capillary wave predictions. However, 
similar to specular reflectivity data, only a^ff can be 
determined whereas the values of ctq and Qmax can be 
decoupled only if the temperature and/or surface ten- 
sion are varied. To a good approximation our reso- 
lution function is rectangular (incident-beam-slit wO.OS 
mm and beam-divergence ~ 10~^ rad.). Following the 
detailed procedure in Refs. [i^, HI], and by defining 
I{qy,qz) = Im{qy,qz)sma/\T{a)\'^\T{l3)\'^ where the 
is measured intensity and T{a),T{P) are the transmis- 
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sion functions, we find the normalized XDS is [23 



Cg{a,(3) + il-Cgo) x 



{Aqy - 2qy) \Aqy - 2qy 



{Aqy + 2qy) \Aqy + 2q, 



(5) 



,71-1 



2{q,Af3/2)v 

where, Aqy - (^^ - 2fcogy)/(2g.A/3), g(a,/3) = 
D{a)D{f3)/{D{a) + D{P)) (D is the x-ray penetration 
depth), and go = a) accounts for scattering from 
the bulk structure factor, and C is a constant deter- 
mined experimentally at a small azimuthal angle away 
from the scattering plane for specular reflectivity con- 
dition pol, [23! . Figure [T]Jb) shows XDS measurements 
for water and methanol at fixed qz (i.e., varying qy — 
fco(cos (3 — cos a) by changing a and [3 such that sin(a) + 
sin(/3) — qz/2ko is constant) normalized to the measured 
reflectivity at qy — 0. By normalizing the XDS data, 
the two coupled parameters, ctq and Qmax, are eliminated 
[2^ 1. The calculated intensity to the normalized data 
(solid lines) using Eq. ([5]) with no adjustable parameters 
confirms the XDS are accounted for by capillary waves 
and also confirms the instrumental g,nin value. 




q: (A-^) 



FIG. 2: (color online) Normalized XR of the pure liquids 
versus . The dotted lines are the best fits using Eq. ([Sj with 
Qmin = A/3/2 and a fixed gmax ~ iv/R varying only ao, and 
the solid lines are obtained by varying gmax . The dashed lines 
are the best fits assuming a single parameter gtz-independent 



Figure [2] shows the normalized refiectivities of the pure 
liquids as indicated. Whereas the refiectivity of water is 
significantly different, the reflectivities of all three alco- 
hols are hardly distinguishable. Since surface tension of 
the alcohols arc very close in value, (Tcw is practically the 
same for all three, indicating the intrinsic roughness (uo) 
is not dominated by molecular size. Three different pro- 
cedures for analyzing the data in fig. [2] were examined. 
In the first (dotted lines), we assume that the only free 



parameter in Eq. ([3]) is ctq: and fixed gmax = tt/R where 
R is the average radius of each molecule; 1.93, 2.52, 2.85, 
and 3.1 A for water, methanol, ethanol, and propanol, re- 
spectively. All the fits (dotted lines) yielded ctq ~ 0, and 
except for water the fit is very poor. By relaxing the con- 
straint on ginax we get a better fit to the data (solid lines) 
with a finite (Tq. However, as implied above [24], the two 
parameters ctq and gmax are strongly coupled, and either 
the temperature [l3| or the surface tension of the system 
have to be changed to obtain ao and gmax- By making 
an assumption (based on the observation and discussion 
above) that all liquids have within uncertainty similar 
(To and gniax, and by fitting all data sets simultaneously, 
we obtain ctq = 1-4 ± 0.4 A and gmax = (^■'^^'^-o.og 
Clearly the optimal gmax value from the fitting is signif- 
icantly smaller than the value determined by molecule- 
size R ((?inax ~ 1-63 and 1.01 A~^ for water and propanol, 
for example). This suggests capillary wave theory breaks 
down at an average length scale Ir ~ Tr/^max = 21^g^2^ 
A. A third way to fit the data is to simply assume qz- 
independent a'^g as those shown by dashed lines in fig. [2] 
demonstrating the g^-dependence of cTcs is insignificant 

Figure [3] (a) shows the normalized reflectivities from 
the water/ethanol mixtures. Reflectivities from the mix- 
tures of methanol and propanol and their mixtures (not 
shown) are similar. The solid lines are the best flts to the 
data using Eq. ([3]) assuming a single parameter a'^g {qz- 
independent) . For all liquids, we carefully examined the 
region of the reflectivity near the critical angle, and found 
excellent agreement with the average electron density 
of each mixture. We considered the atomic/molecular 
structure factor and found it has negligible effect on the 
extracted parameters. Also, we could not flnd any evi- 
dence of surface layering in the mixtures [2^. 

Figure shows a compilation of all measured ef- 
fective surface roughness values (a-'^g) versus the inverse 
of surface tension for each mixture, as indicated. The 
surface tension values of the mixtures are shown in the 
inset [2^. To a good approximation, all the measured 
roughness values fall on a linear curve (solid line) that 
within experimental error confirms Eq. ([4]). This be- 
havior strongly suggests the profile of the pure and liq- 
uid mixtures of small molecules is predominantly de- 
termined by surface tension (at a given temperature). 
From fig. [3^b) we obtain values for ctq for the slope 
A — fcBnn((7inax/9min)/27r as listed in table 1. The val- 
ues of (To, for both 8 and 16.2 keV, are consistent within 
uncertainties. The larger difference, between the values 
of A, is mainly due to different detector slit configura- 
tions used at the two X-ray energies, yielding two differ- 
ent values for gmin- In the following, we make the as- 
sumption that ctq and qmax are, within uncertainties, the 
same for all liquids and mixtures. Although they should 
differ for the various liquids, the variation is most likely 
smaller than the experimental uncertainty. This is ratio- 
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FIG. 3: (color online) (a) Normalized X-ray reflectivity of the 
ethanol- water mixtures versus . The solid lines are linear 
fits to the (logarithm of) data yielding o-^g . (b) Compilation 
of a'^ff values obtained from the analysis of the reflectivities 
versus the inverse of the surface tension. The solid line (16.2 
keV) and dashed line (8 keV) are the best linear fits to the 
data. The inset in (b) shows the surface tension of water- 
alcohol mixtures with varying bulk concentrations. 



sumes the electron density is a continuum, but physi- 
cally, the electrons are concentrated around discrete nu- 
clei thereby giving rise to intrinsic roughness on the scale 
of atomic separations, hypothetically, even at zero tem- 
perature where all thermal motions are frozen. This is in 
agreement with the study of liquid alkanes, where it was 
found that ctq = 1-1 A and correctly associated with in- 
teratomic C-C bond lengthflij. Although in the present 
study of simple liquids, we find ctq is on the order of aver- 
age interatomic distances, we do not rule out that in more 
complex liquids, the intrinsic roughness may depend on 
molecular or aggregate size. 

From the slope of the curve A in fig. [3{b) we can esti- 
mate the value of gmax assuming gmin = (9z) A/3/2 where 
{<lz) = 0.3 A~^, at about the midpoint of the range over 
which the reflectivities were measured, as listed in Ta- 
ble U (the slopes of the curves at 8 and 16.2 keV are 
slightly different due to different slit configuration). The 
corresponding Ir lengths are in agreement with the val- 
ues obtained from the analysis of the pure liquids above. 
Our view is that the value of Ir reflects bulk correlation 
length, a length scale below which capillary wave theory 
breaks down. Although thermal excitations may exist for 
q ^ n / R and even at larger values, due to inter- molecular 
vibrational states, these are of a different nature than 
those of capillary-waves. Due bulk short-range-order, 
these may be more like optical phonons in solids, where it 
is common that their average amplitude (Debye- Waller 
factor) is only a few percents of interatomic distances 
thus negligibly contributing compared to capillary- waves. 
This is in agreement with the current view of capillary- 
wave theories and simulations that assume fluctuations 
of the interface on length scales larger than the bulk cor- 
relation length ^2§\ . The influence of the bulk properties 
on the surface behavior has been discussed theoretically 
and experimentally in the context of power spectra fluc- 
tuations of a liquid surface (2^. 



nalized based on the results of the pure alcohols above 
that yield within error the same ctq and Qmax, although 
the three alcohols differ significantly in molecular size. 



TABLE I: 



XR Enerf 
(keV) 


(A^) 


A 

(xlO-23 J) 


(A-) 




16.2 


9 9+0.3 
^•^-0.2 


360tg 


o.ostro^ 


W_20 


8 


9 4+0.3 
^•*-0.3 






48-20 



The value of the intrinsic roughness ctq = 1-5 ± 0.2 
A is very close to that of bond lengths in our systems 
(e.g., C-C and C-0 with bond lengths 1.54 and 1.43 A, 
respectively). The theory for X-ray reflectivity above as- 



SUMMARY 

In the present synchrotron X-ray study, we systemat- 
ically determined the profiles of the liquid/ vapor inter- 
faces of water and its mixtures with methanol, ethanol 
and propanol at a fixed temperature, with the premise 
that while surface tension changes by mixing water with 
alcohols, the molecular size at the interface is as close 
as possible to that of the water molecule. We empha- 
size that the values we report for ctq and qmax, although 
expected to vary among the different liquids, are approx- 
imate, and should be considered as a lower and an upper 
limits, respectively. We find that the intrinsic roughness 
for these simple liquids reflects inter-atomic distances set- 
ting a low limit to ctq. We also find that the upper wave- 
vector cutoff for capillary waves (although with inher- 
ently large uncertainty) is appreciably smaller than that 
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expected by assuming it is dominated by molecular di- 
ameter. This implies the break-down of capillary wave 
theory at a few molecular diameters due to rigidity of the 
surface membrane over short length scales on the order 
of bulk correlation lengths. 
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